Fractal geometry has been proven to be useful in several disciplines. In the field of antenna engineering, fractal geometry is useful to design small and multiband antenna and arrays, and highdirective elements. A historic overview of the most significant fractal mathematic pioneers is presented, at the same time showing how the fractal patterns inspired engineers to design antennas.
Introduction
The term fractal was first coined by B. Mandelbrot, considered the father of the fractal geometry. The word comes from the Latin word "fractus", which means irregular or broken [1] . This term was used to describe a new set of more complex objects than squares, circles, or triangles which were well defined using the Euclidean geometry. However, other quotidian objects, such as clouds, blood vessels, and irregular shapes such as the coast couldn't be described by Euclidean geometry.
Besides B. Mandelbrot, other great mathematicians contributed as well to the field of fractal geometry: W. Sierpiński, N. F. H. von Koch, D. Hilbert, G. F. L. P. Cantor, H. Minkowski, and G. Peano. Their fractals inspired the antenna engineering community to research if those geometries could be used as antennas [2] [3] [4] [5] [6] [7] . In this regard, the present papers present an historic background of their lives and some antenna designs inspired in the fractals they propose.
The paper is structured as follows: In Section 2, a brief introduction to fractal geometry is presented. In Section 3, a review of some antenna designs inspired by fractal patterns is reviewed. In Section 4, the impact of fractal antenna in the literature is reported. Finally, in Section 5, the conclusions are drawn.
About the Fractal Geometry
What is a fractal? Following B. Mandelbrot's definition "a set for which the Hausdorff-Besicovitch dimension strictly exceeds the topological dimension" [1] . The topological dimension is a dimension which we use to experience. For example, the topological dimension of a point, line, H = f(X), where f(X) = z 2 + c (1)
Here, c is any given complex number. This generates a set of points which can diverge or converge over an orbit. This entirely depends on the constant used in the transformation. While it is diverging, the process of generating next set should progress until the convergence is achieved. The convergence typically allows the points to move inward. Now the fractal is said to be completely formed. Examples of antennas following this process are presented in [10] [11] [12] .
Iterated Function System (IFS)
These geometrical based rules are used to replace specific portion or region repeatedly to produce fractal shapes, also known as Multiple Reduction Copy Machine (MRCM) . Some examples of such fractals are Sierpiński carpet, Sierpiński triangle, Koch curve, Peano curve, etc. This technique uses recursive transformations and relations.
The IFS initially refer to a set of transfer functions which acts as a basis of iteration. As the iteration progresses, the corresponding condensation set is filled with solutions, which is a fractal geometry. After successive iterations with the application of IFS, the respective outcome is said to be self-similar. Many examples of fractal-shaped antennas are created following this process [2] [3] [4] [13] [14] [15] [16] [17] [18] ].
L-Systems
Growing processes can be modelled by an alphabet-based method proposed by A. Lindenmayer in 1968 [9] . Such method is known as L-system, and is useful to create some fractals, such as those based on Hilbert and Peano curves.
Random
The trajectories of non-deterministic functions are used to produce the so-called random fractals. These functions are guided by heavy tails and random nature. Levy flights, Brownian motion, and Brownian tree are some examples of random fractals. Random arrays were first investigated in [19] , and random fractals generated by electrochemical deposition have been analyzed to design multiband antennas [20] [21] [22] [23] [24] .
Fractals in Antenna Engineering
This section reviews some of the most relevant mathematicians working in the fractal area and how some of the fractal shapes derived from their development have inspired antenna engineers to use the fractal geometry in the antenna field to research what benefit can be obtained. In particular, antennas designs inspired in the following mathematicians are reviewed: Mandelbrot, Sierpiński, Koch, Hilbert, Cantor, Minkowski, and Peano. After the extensive work in the field of fractal antenna, the advantages to antenna design are small, multiband, and high-directive antennas, antenna arrays, and frequency selective surfaces.
Mandelbrot
Benoit Mandelbrot (Warsaw 1924-Cambridge 2010) was a Polish Mathematician who moved to France in 1936, where he spent the first part of his life by obtaining French citizenship ( Figure 1 ). His uncle Szolem Mandelbrot was a professor of Mathematics at the Collège de France, so that at the early years of his life, he was easily introduced and with passion to Mathematics by him. From 1945 to 1947, he studied at the École Polytechnique in Paris under the guidance of Gaston Julia and Paul Lévy. From 1947 to 1949, he got a master's in aeronautics at the California Institute of Technology in Pasadena. In 1952, he obtained the PhD in Mathematical Science at the University of Paris while he was working at the French National Center for Scientific Research (CNRS) from 1949 to 1958. Since then, he moved to New York, became an American citizen, and was appointed at the IBM Thomas J. Watson Research Center in Yorktown Heights till retirement in 1987. Thanks to the high-speed computers of these laboratories, he could easily visualize complex geometric objects named after him (Mandelbrot sets). Such enigmatic and astonishing figures, that he proposed in 1975 to call fractals (from Latin "fractus"), attracted the attention of a fast-increasing number of scholars worldwide, thus strongly propelling two of the most fascinating fields of research like fractals and computer graphics. Nowadays, his theory of roughness (everywhere) is accepted in almost every field, from finance to physics to medicine. Contrary to the past, when roughness of non-differentiable geometrical objects was considered a singularity (to be avoided), with Mandelbrot the analysis of non-differentiable objects became an attractive flourishing new research topic. His main contribution, given in particular by the simple recursive equation to define a geometrical object of infinite complexity, like the Mandelbrot set, is worldwide recognized as a milestone in the whole history of Mathematics. Using a modification of Mandelbrot equation presented in Section 2 [12] , a new set is obtained ( Figure 2 ). This new set has the particularity that it presents a rectangular profile. The idea behind this is to explore higher-order modes supported by the microstrip cavity. In particular, it is interesting to know if those higher-order modes present radiation patterns in the broadside direction (normal to the patch surface) with a high-directivity. Indeed, it has been proven that microstrip antennas having irregular contours such as those provided by fractal geometries, support higher-order modes presenting a broadside radiation pattern, and with a directivity larger than that obtained for the fundamental mode [25] [26] [27] [28] [29] [30] [31] [32] [33] . The idea of making the profile rectangular relies in the fact of obtaining a narrow beam in one place and keeping a wide beam in the perpendicular plane. This feature is attractive for antennas in small-cells, such as those providing coverage in hot-spots, because it avoids the use of an array of antennas and the mechanical complexity associated with the feeding network. The antenna has been previously simulated using a Method of Moments (MoM) commercial code ( Figure 3 ). Since the modes supported by the microstrip cavity may be excited or not depending on the feeding probe (as the one used in Figure 2 ), a different approach has been used to find a highdirective mode, which consists on illuminating the patch by a plane wave from the broadside direction. Calculating the backscattering, it is possible to determine if a high-directive mode is supported. For this particular case, a mode is found at 2.75 GHz where the current distribution indicates there is mainly in-phase along the patch area [12] . The radiation patterns are measured inside an anechoic chamber at the frequency of 2.57 GHz (Figure 4 ). It is shown how a narrow beam is obtained in the φ = 0° plane due to the electrically large size of the Mandelbrot shape along the x-axis. As a result, the directivity for the antenna at 2.57 GHz is D = 11.5 dB. This feature is attractive, since several microstrip patches operating in the fundamental mode would be needed to provide the same directivity. In this case, with a single element and one single feeding prove, a high directivity is obtained without the need of including an array. Other Mandelbrot-shapes can be further investigated to find high-directivity modes [12] . 
Sierpiński
Wacław Franciszek Sierpiński ( Figure 5 ), together with Stefan Banach and Kazimierz Kuratowski, is one of the most famous modern Polish Mathematicians (Warsaw 1882-Warsaw 1969). Former student of G. Feodosevic Voronoi, he gave fundamental contributions to functional analysis, number theory, set theory, topology. He has been teaching at the University of Lvov (1908) (1909) (1910) (1911) (1912) (1913) (1914) and Warsaw (1919 Warsaw ( -1960 . Since 1921, he has been a member of the Polish Academy of Science. During the war, in 1914 he was deported to Russia, but thanks to the Russian Mathematicians Egorov and Luzin he was released from detention and could jointly work with Luzin on the foundations of the projective set and theory of real functions. His intensive work, published in more than 700 papers and several books, has deeply influenced the modern developments in Mathematics. Sierpiński's ideas and his fundamental theorems can be found in several modern topics of research. His main contributions to fractals are the Sierpiński curve, which is a square filling curve discovered in 1912, and the Sierpiński Triangle in 1915. Both are very simple in their construction, but still fascinating and amazing examples of fractals. The Sierpiński triangle is one of the most used geometries in the antenna field as well as other variations . Due to its self-similarity [13] [14] [15] [16] [17] , it has been useful to design multiband antennas and frequency selective surfaces.
The Sierpiński triangle is generated through a transformation over the equilateral triangular subset A as follows:
for the 1st stage of the Sierpiński gasket ( Figure 6 ) and: Where A is the triangular subset, V [A] is a Hutchinson operator, which is a transformation over the subset A, and vi is the affine linear transformations [9] . This affine transformation is defined as:
where r and s are magnification (>1) or reduction factors (<1), ϕ and ψ are the rotation angles, and x0 and y0 are translations. For the 1st stage of the Sierpiński gasket (Figure 7 ), the affine linear transformation is defined by: 1  2  2  1  1  3  2  2   1  1  2  2  2  1  3  2  2   1  2  3 1 2 0 , 0
As r = s and ϕ = ψ, the affine linear transformation is a similarity transformation.
One can obtain the ideal Sierpiński fractal iterating infinitely the subset A in the following way:
Then A ∞ is the Sierpiński fractal. This iterative process is called the iterated function system (IFS), and A ∞ is called the attractor of the IFS. When the contractions r and s are different, the final set is no longer self-similar but self-affine, a property which has been useful to allocate the frequency bands [14, 16, 38, 39] . It is precisely this fractal property, the self-similarity, that allows the design of fractal antennas that have the same or very similar radiation patterns at different operating frequencies. A linear antenna, although it can present a good matching in different frequency regions, the radiation pattern changes. Therefore, one possibility to design multi-frequency antennas is to add as many antennas as operation bands. For example, for a system operating at 1 GHz, 2 GHz, and 4 GHz, three halfwavelength dipoles could be designed. The drawback of this alternative is that as many antennas as frequency regions, and as many excitation points as antennas are needed, and finally the interaction between antennas that can impair the behavior of the isolated dipole. If, on the other hand, the problem is approached with a self-similar antenna such as the one inspired by the Sierpiński triangle, it is possible to obtain that different regions of the structure operate at a frequency band ( Figure 7 ). In the case of Figure 7 , a monopole antenna inspired by the Sierpiński fractal is shown. Properly designed, it can be achieved that for a frequency band centered on f1, the entire structure is responsible for the radiation. Therefore, if the height of this monopole is designed to have a length of λ/4, the radiation pattern is obtained with a zero in the zenith direction and with maximum radiation on the horizon (in case of conductors of finite conductivity and finite size, the maximum rises above the horizon. If for a second frequency band with central frequency in f2 (f2 = 2 · f1) it is achieved that the height triangle h2 (h2 = h1/2) practically contributes to the radiation, a type radiation pattern will be again as a λ/4 monopole. Additionally, if it is repeated for the next iterations, the same conclusion is reached. In this way, quite similar radiation patterns can be achieved in various frequency regions in addition to a good adaptation for each of the regions (Figures 8 and 9 ). Besides the Sierpiński antenna as a multiband behavior, a different feature is also shown. Indeed, the Mandelbrot based antennas presented previously have been proven attractive to design antennas supporting higher-order modes with high-directivity. In this sense, not only microstrip patch antennas having an irregular boundary as the one based on the Mandelbrot geometry support highdirective modes, but also microstrip patch antennas featuring a mass-fractal nature such as the Sierpiński antenna using a bowtie configuration ( Figure 10 ). The antenna is analyzed using a MoM commercial code where, in this case, different position of the feeding probe has been tested in order to find a high-directivity mode [16] . Once a solution is found in the simulation domain, the antenna is built and tested. Radiation patterns are measured at the fundamental mode and at the higher-order mode ( Figure 11 ). It is shown how both the fundamental and the higher-order mode are broadside with the particularity than the higher-order mode presents a larger directivity than the fundamental mode. This feature is not present in a classic square patch where a higher-order mode with broadside directivity exist (TM30), but with large secondary lobes. Therefore, not only fractal inspired boundaries but also mass-fractals are useful to obtain microstrip patch antennas with higher-order modes featuring a larger directivity than the fundamental mode and at the same time keeping a broadside radiation. 
Koch
Niels Fabian Helge von Koch is a Swedish Mathematician (Stockholm 1870-Danderyn 1924) who gave fundamental contributions to the theory of differential equations, the approximation theory, and the number theory ( Figure 12 ). In 1904, he discovered one of most famous continuous nowhere differentiable fractal curves (named after him), also known as the snowflake fractal. He studied at the University of Stockholm in 1887 under G. Mittag-Leffler and received the P.D. in Uppsala (1892). He taught pure mathematics at the KTH 1905 (succeeding Ivar Bendixon) and at the Stockholm University (since 1911). In this section, another example of a fractal-boundary antenna is presented having a highdirectivity mode (Figure 13 ). The microstrip patch antenna uses the Koch island and has the particularity that is printed on a hard foam. This makes this antenna very low weight [33, 58] .
The Koch island shown on Figure 13 can be generated using an IFS as follows (Table 1) : 1  2  6  1  3  1  6  2   1  1  3  3  2  1  1  3  3   1  3  3  2  1  3  3   1  1  3  3  4  1  1  3  3   1  1  3  3  5  1  1  3  3   1  3  6  1  3 , 0 , 0 0 0 , 0 0 , 0 0 , 0 0 , 0
x v x y y
x v x y y Directivity is measured along a wide frequency range where it is again observed the existence of a higher-order mode with a larger directivity compared to the fundamental mode and keeping a broadside pattern ( Figure 14) . It is observed that the fundamental mode (1.1 GHz) presents a broadside radiation pattern with a moderate directivity (8.6 dB), whereas at the higher-order mode at 3.75 GHz, directivity increases to 13.5 dB, keeping a broadside radiation pattern. As stated with the Mandelbrot and Sierpiński antenna, having a broadside radiation pattern with a high-directivity makes the antenna design useful, since an array is not needed and the feeding is simple since no feeding network is required, simplifying the mechanics of the antenna and also any alteration on the radiation patterns due to the radiation from the feeding network. Figure 13 where the high-directive pattern is found at 3.75 GHz [33] .
Other structures based on the Koch island using stacked patch structures have been proposed [59]-( Figure 15 ). Figure 15 . A microstrip antenna using a Koch-based contour comprising a two-layer structure On one hand, miniaturization is achieved thanks to the fractal-based patterns. On the other hand, a parasitic patch is placed above a driven patch to obtain competitive bandwidth. Since the bandwidth of a microstrip patch antenna depends on its height, a simple way to enhance the bandwidth is to collocate the patch at a certain height over the ground plane. However, in some particular cases, the radiation patterns are tilted as well, as it needs a long feeding probe which may complicate the mechanic of the antenna. On the contrary, a stacked structure provides the required bandwidth as a single patch by feeding only the driven patch. This makes the feeding much easier. Besides, the radiation patterns are more stable across the band.
Small monopole antennas based on the Koch curve have also been analyzed and compared to linear monopoles [60] [61] [62] . Slot antennas based on the Koch fractal, UWB, and energy harvesting applications have been also analyzed in [63] [64] [65] [66] [67] [68] [69] [70] .
Hilbert
David Hilbert, (Köninsberg 1862-Göttingen 1943) is a German mathematician who gave fundamental contributions to several fields of mathematics (geometry, analysis, logic, number theory) and physics (general relativity, quantum mechanics)-( Figure 16 ). Figure 16 . David Hilbert (1862-1943), German mathematician. The Hilbert curve has been used to design small antennas for wireless applications due to its space-filling properties.
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In particular, he is considered one of the founders of functional analysis. He has been professor in the University of Köninsberg (1886-1895) and in the University of Göttingen from 1895 till retirement (1930) .
At the beginning of the 20th Century, he became famous also for his list of 23 (most of them still unsolved) mathematical problems, that was given at the International Congress of Mathematicians in Paris (1900) .
One year after Peano, he also proposed (1891) a continuous curve filling a square, thus opening new perspectives in the pioneering search for fractals. Hilbert curve can be created by sophisticating the MRCM where two Hutchinson operators are used, resulting in a networked MRCM [9] . From a more practical perspective, a Hilbert curve can be easily constructed by creating its vertices and connecting them [71] .
The space-filling properties of some fractal-inspired curves have been useful to design small antennas [62, [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] as well as artificial magnetic conductors, which are attractive surfaces to place antennas close to a surface as well as metamaterials [82] [83] [84] . In this regard, a monopole antenna following a Hilbert pattern shows a reduction of the resonant frequency as the number of iteration increases (Figure 17 ). The straight monopole resonates at 799 MHz, whereas the 5th iteration of the Hilbert-base antenna resonates at 71.7 MHz. This results in a size reduction of about ten times, which is useful to design small antennas as shown next. Following the space-filling properties inspired in the Hilbert fractal, a small antenna for dualband performance at WiFi 2.5 GHz and 5 GHz shows a total volume of only 7 mm × 3 mm × 2 mm. This represents a maximum dimension of ~λ/18 at 2.4 GHz, which is smaller than a classical λ/4 monopole antenna (Figure 18 ).
Besides being small in size, the antenna presents a competitive performance for WiFi 2.5 GHz and 5 GHz bands, both in terms of VSWR (Voltage Standing Wave Ratio) as well as in total efficiency (Figure 19 ). This makes the antenna convenient for being integrated into smartphones, headsets, smartwatches, and similar wireless devices. 
Cantor
Georg Ferdinand Ludwig Phillip Cantor is one of the most famous Mathematicians (Saint Petersburg 1845-Halle 1918)-( Figure 20) . Born in Russia, in 1856 he moved to Germany where he spent almost all his life. One of his major achievements was to recognize the different cardinality of number infinite sets. Thanks to this, he was able to define a hierarchy of infinite sets, which is a fundamental property of his set theory (1874-1884). For this, he is considered the founder of a fundamental branch of mathematical research. He has been the first to propose that the infinite can be considered as a measurable object, so that different infinite sets might have different measures. Since 1884, he suffered for depression, and he felt some relief from philosophical and religious studies by aiming to explain better the concept of infinity as a superior entity. In 1899, because of his youngest son's death, his depression increased, thus obliging him to seek temporary retirement from teaching. During the word war, he suffered for starvation and was convicted in a psychiatric hospital where he died (1918) . His main contribution to fractals is the Cantor ternary set of points lying in the unit interval. Discovered by the Irish Mathematician Henry John Stephen Smith in 1874, this set was deeply analysed by Cantor, who showed that it is a nowhere dense perfect set. The Cantor set can be generated using an IFS as follows:
where the affine linear transformation is defined by:
( ) ( ) 
The concept of multifractal refers to a geometry with multiple fractal dimensions, usually greater than one. This strategy of multi-fractal dimension is demonstrated using a Cantor set, and the corresponding fabricated prototype is presented in [85] . As the iteration progressed from K0 to K3, the antenna started covering the lower bands, which include personal and commercial communication applications.
A typical method of a planar array design with the objective of sidelobe level suppression and desired beam-width using the Cantor set is presented in [86] . The technique involves spacing the circles in the concentric ring array non-uniformly in accordance with the width of the lines of stage 4 Cantor set.
In [87] , a Cantor geometry-based antenna is designed for RF energy harvesting ( Figure 21 ). The obvious advantage of inherent multiband characteristics due to self-repetitive and selfcomplementary features of the Cantor set are well utilized to cover three GSM bands. In addition to this, the geometry favors fabrication using the economically viable technique like inkjet printing. 
Minkowski
Hermann Minkowski, (Aleksotas (Kaunas) 1864-Göttingen 1909) was a German Mathematician born in Lithuania (as a part of the former Russian Empire)-( Figure 22 ). He studied Mathematics in Berlin and Königsberg, and taught in Bonn (1887), Königsberg (1894), Zurich (1896), and Göttingen (1902), sharing his original ideas and works with close friends like D. Hilbert and A. Hurwitz. Among his students, in Zurich, there was Albert Einstein, who was deeply influenced by the pioneeristic model on the non-Euclidean four-dimensional space-time proposed by Minkowski (1907) . He deeply contributed to several fundamental topics of mathematics and physics like geometry of numbers, non-Euclidean geometry, quadratic forms theory, continued fractions, relativity. It was thanks to Minkowski (and G. Bouligand) that we got the definition of fractal dimension by applying the box counting algorithm. Minkowski fractal can be generated using an IFS as follows:
where the affine linear transformation is defined by (Figure 23 ): 3  1  1  3   1  1  3  3  2  1  1  3  3   1  1  3  3  3  1  1  3  3   1  1  3  3  4  1  1  3  3   1  1  3  3  5  1  1  3 x v x y y
x v x y y One can obtain the Minkowski fractal iterating infinitely the subset A in the following way:
In this particular case, the set A ( Figure 23 ) comprises five squares following a different pattern than the one shown in the affine transformations.
Dhar et al. [88] designed a CPW fed hepta-band antenna by incorporating Minkowski fractals. Good gain and an enhancement in the impedance bandwidth is achieved using a dielectric load. In [89] , a Minkowski fractal geometry was utilized with the end goal of studying the effect of dielectric resonators on antenna bandwidth enhancement. The use of Minkowski fractals resulted in an impedance bandwidth of 64% and stable gain responses in comparison to Serpinski and Koch fractals. The miniaturization capability and resonant behavior of Minkowski fractal dipole antenna is investigated by Comisso [90] . The tortuosity of the Minkowski antenna is modelled by the incorporation of inductors. Additionally, it was observed by Comisso [90] that a justified comparison between different fractal geometries can be performed by using lacunarity as an evaluation parameter over fractal dimension.
Vinoy et al. [91] replaced the sides of a square ring antenna with fractal Minkowski curves to achieve size miniaturization and dual band operation. The replacement resulted in 42% reduction in area as compared to its equivalent counterpart (square antenna). Zhang et al. [92] designed a frequency selective absorber exhibiting dual band polarization using Minkowski loops and lumped resistors ( Figure 24 ). Small square loops at the four corners of the Minkowski loop resulted in parallel resonance, thereby generating passband, whereas absorptive bands were generated by series resonance of small loops, large loops, and the resistors. Interesting future lines combine fractals with metamaterials for improving the performance of antennas such the application shown in using a Minkowski patch antenna [94] . The unusual behavior of metamaterial (such as negative permeability, permittivity, etc.) when combined with fractal geometry results in various antenna property improvements such as size miniaturization, multiband operation, isolation enhancement between the antenna elements, etc. Literature reports numerous metamaterial-based fractal antennas to achieve the aforementioned enhancement in the antenna design [95] [96] [97] [98] . In [95] , authors employ the combined technique of metamaterial and fractal geometry to achieve antenna miniaturization and multiband operation. The optimized Minkowski fractal geometry with complimentary split ring resonator as metamaterial is used to achieve 67% size reduction in contrast with the conventional patch antennas and triple band resonance at 1.91/2.44/3.09 GHz. In [96] , a decoupling metamaterial structure combined with fractal electromagnetic band gap structure is utilized to achieve isolation enhancement between 2 × 2 antenna arrays. The metamaterial structure was inserted between the four interconnected Y-shaped slots. A combination of chiral metamaterial with dendrite fractal geometry is employed in [97] to achieve miniaturization in overall antenna design. In [98] a compact fractal-based metamaterial antenna is utilized to achieve miniaturization and tri-wideband phenomenon. Additionally, the proposed Sierpiński-Minkowski fractal combination loaded with metamaterial resulted this structure as perfect absorber at lower frequency.
Peano
Giuseppe Peano was an Italian Mathematician (Spinetta di Cuneo 1858-Cavoretto 1932) who gave fundamental contributions to Analysis, Logic, and Algebra (Figure 25 ). His attempts to define an international scientific language (1890-93) lead him to define the fundamentals of the modern mathematical logic and set theory. Peano has been the first one to use the symbols of "union" È and "intersection" Ç of sets, as well as the subset symbol É and many other symbols nowadays universally accepted such as "belongs to" Î and "exists" $ . In particular, thanks to Peano's Axioms (1889), we can build the arithmetic theory of natural numbers as an axiomatic hypotheticdeductive system by using the inductive principle. Peano had a strong influence on Bertrand Russell and Alfred North Whitehead, who used the Peano's axiomatization to develop the symbolic logic and the type theory. He also gave a fundamental contribution to fractals by defining (in 1890) a continuous curve (named after him) with infinite singularities that fills a square. The Peano curve can be generated following the same procedure as the one described for the Hilbert curve in Section 3.3.
The Peano curve inspired antenna engineers to design either small antennas, high-directive elements, arrays, and frequency selective surfaces [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] . A high directivity antenna with a very narrow bandwidth based on a second iteration Peano space-filling curve is proposed in [99]-( Figure  26a ). It has been modified such that the final antenna operates as an array of dipoles having the same current phases. The advantage of this architecture is its simplicity, since it does not need an array of antennas and the feeding network to achieve a high-directive radiation pattern reaching 18.6dB. This simplifies the mechanics of the antenna as the ones presented using high-directive modes using the Sierpiński triangle and Koch island microstrip patch antennas [25] [26] [27] [28] [29] [30] [31] [32] [33] .
Use of Peano and Hilbert curves as top-loads for miniaturization of monopole antennas is proposed in [101]-(Figure26b). It has a height of about 0.08 λ, and a perfect monopolar radiation pattern. Use of Peano pre-fractal patch elements to design frequency selective surfaces (FSSs) is proposed in [104] . This approach is suitable to design compact FSSs that behave like dual-polarized band-stop spatial filters with multiband responses, dual-polarization, excellent angular stability, and facility for reconfiguration. Different combinations of fractal geometries were also proposed for the design of antennas for applications such as WLAN and UWB. An omnidirectional radiation pattern, a good gain, and high efficiency performances were obtained by shaping the edges of a monopole square patch antenna into the form of a Giusepe Peano fractal and its surface area as a Sierpiński carpet fractal [101] . Peano-Gosper fractal arrays, in which the array elements are uniformly distributed along a Peano-Gosper curve, to get a planar array configuration with parallelogram cells that is bounded by a closed Koch curve, is presented in [102] . They have a higher bandwidth than conventional periodic planar arrays with square or rectangular cells and regular boundary contours. Further, they possess no grating lobes even for minimum element spacings of at least one wavelength. Peano antennas have been numerically studied and compared with those of the Hilbert antennas in [103] . It was shown that a Peano antenna can be matched to a 50-or 75-ohm line for various iterations. According to the analysis done on a given patch footprint, the Peano antenna has a lower fundamental resonant frequency, resulting in an electrically more compact radiator than a comparable Hilbert antenna and a fixed-iteration order, but at the expense of a smaller inputimpedance bandwidth. On the other hand, for a given electrical footprint, a Peano antenna of a lower iteration resonates at an approximately the same fundamental frequency and has a comparable bandwidth as of a higher order Hilbert antenna. The Peano antenna, however, has the advantage of having a much smaller cross-polarization level than the Hilbert antenna. 
Evolution of Publications in the Fractal Antenna Field
This section illustrated the evolution of the number of publications in the field of fractal antennas (Figure 27 ). To obtain the presented data, the following criteria has been followed: IEEE Xplorer using the keyword fractal antenna has been used. The data base of IEEE automatically provides the number of papers divided by journals and conferences.
It is significant that number of publications have significantly increased in conferences, but not in journals. Therefore, since journals usually require a higher novelty standard, it seems that not many new ideas are appearing in the scene. 
Conclusions
Fractal geometry has been proven to be useful in the design of small and multiband antennas and arrays, as well in the design of high directive elements without the need of an array of antennas. Besides the initial work in the fundamental aspects of fractal in antenna engineering, many inspired designs based on fractals have been used to design small and compact antennas for wireless applications. contributed with the contents of fractals with metamaterials. C.C. did the biographic part and reviewed the mathematical part of the paper. All authors have read and agreed to the published version of the manuscript.
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